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ABSTRACT  We have studied potassium currents through a cloned Ca2+-dependent K § chan- 
nel  (hs/o)  from  human  myometrium,  Currents  were  recorded  in  inside-out  macropatches 
from membranes  of Xenopus laevis  oocytes.  In particular,  the, inactivation-like, process  that 
these channels show at high positive potentials was assessed in order tcr explore its molecular 
nature.  This current inhibition  conferred a bell shape to the current-voltage curves. The ki- 
netic and voltage dependence of this process suggested the possibility of a Ba  2+ block. There 
were the following similarities between the'inactivation process observed at zero-added Ba  2+ 
and the internal Ba  2§ block of hslo channels:  (a) in the steady state, the voltage dependence 
of the  current  inhibition  observed at zero-added Ba  2+ was the same as the voltage depen- 
dence of the Ba  2+ block; (b)  the time constant fdr recovery from current decay at zero-added 
Ba  2+ was the same as the time constant for current recovery from Ba  2+ blockade; and (c) cur- 
rent decay was largely suppressed in both cases by adding a Ba  2+ chelator [ (+)-18-crown-6-tet- 
racarboxylic acid]  to the internal  solution.  In our experimental  conditions, we determined 
that the~Ka, for the complex chelator-Ba  2+ is 1.6 ￿  10  -l~ M. We conclude that the current de- 
cay observed at zero-added Ba  2+ to the internal solution is due to contaminant Ba  2+ present 
in our solutions (N70 nM) and not to an intrinsic gating process. The Ba  2+ blocking reaction 
in hslo channels is bimolecular. Ba  2+ binds to a site (K~ =  0.36 +  0.05 mM at zero applied volt- 
age) that senses 92 +  25% of the potential drop from the internal membrane surface. 
INTRODUCTION 
Ca2+-dependent  K +  (Kc~)  channels  of large  conduc- 
tance  originate  sustained  voltage-dependent  currents 
(i.e., channels are noninactivating; Latorre et al., 1989). 
This rule has a notable exception in t(ca channels of rat 
adrenal  chromaffin  celIs  (Solaro  and  Lingle,  1992). 
This  channel  shows a  fast inactivation  process  that re- 
sembles  that found in A-type potassium  channels.  Ex- 
posing to trypsin the cytoplasmic side of these channels 
removes fast inactivation.  This last  result suggests  that 
the  inactivating  gate  is  a  cytoplasmic  portion  of the 
channel-forming protein, probably the NH  2 terminal as 
found by Hoshi et al.  (1991)  for the case of ShakerK  + 
channels. 
We have recently cloned a/~  channel of large con- 
ductan~.~'e  from  human  myometrium  (hslo~  Wallner et 
al.,  1995).  As  most  voltage-dependent  cb,  annels,  hslo 
Address correspondence to Dr. Ligia Toro, Department of  Anesthesi- 
ology, BH-612 Center for Health  Sciences, UCLA School of Medi- 
cine, Box 951778, Los Angeles, CA 90095-1778. 
has six putativi~  transmembrane  segments,  S1  to $6,  a 
positively charged $4 segment, and a conserved region 
between  $5  and $6,  the  pore  region.  In addition,  this 
channel has four hydrophobic segments dubbed $7 to 
S10 not found in voltage-dependent channels  (see also 
Butler et al.,  1993 and Wei et al., 1994). 
The  hslo channel  shares  most of its  properties  with 
other Kca channels of large conductance.  However, in 
inside-out patches and at large  (>/  100 mV)  depolariz- 
ing voltages, current reaches a  maximum and then de- 
cays with time  (Walner et al.,  1995; Tseng-Crank et al., 
1994).  Current  inhibition  confers  a  bell  shape  to  the 
current-voltage  curves.  In  the  present  work,  we  show 
that current inhibition at high voltages is not due to an 
intrinsic  inactivation  process.  We  found  that  addition 
to the internal  solution of a  crown ether, a member  of 
the macrocyclic ligand family (e.g., Dietrich,  1985; Fig. 
1),  abolished  current  inactivation.  The  crown  ether 
binds Ba  2+ very tighdy, much more than it binds Ca  2+ 
(near two orders of magnitude difference). This chela- 
tor affects neither  the Ca  2+ activation nor the voltage- 
dependent  characteristics  of the  channel.  Therefore, 
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large  positive  applied  voltages,  a  time-  and  voltage- 
dependent  blockade  occurs  induced  by Ba  2+  contami- 
nation  of the internal solution. A  detailed characteriza- 
tion  of the  internal  Ba  `)+  blockade  of this  human  Kc~ 
channel  shows  that  the  contaminant  Ba  2+  in  our  solu- 
tions is :'-,70 nM. The  Ba  ')+ blocking rate is directly pro- 
portional  to  the  internal  free  [Ba`)+].  Thus,  the  ob- 
served decrease in this rate with increasing crown ether 
concentration  is  a  consequence  of a  free  Ba  z+  deple- 
tion  of the  internal  solution.  From  the  Ba  2+  titration 
curve we obtained  a  value of 1.6  ￿  10 -l~ M  for the dis- 
sociation constant  of the chelator-Ba 2+ complex. A  pre- 
liminary  report  characterizing  this  kinetic  process  has 
appeared  (Diaz et al.,  1995). 
MATERIALS  AND  METHODS 
Reconstitution into Bilayers 
Membrane vesicles were fused with planar bilayers composed of 
phosphatidylethanolamine:phosphatidylserine:phosphatidylcho- 
line in a ratio of 5:3:2 at 25 mg/ml in decane. The vesicles were 
applied with a glass rod to the preformed planar bilayer. Channel 
recordings  were  done  in  symmetrical  220  mM  KCI,  10  mM 
HEPES, pH 7.0, and 50 txM added CaCI  2. The internal side of the 
channel was determined by the channel Ca  `-'+ and voltage sensitiv- 
ities. 
Acquisition and Analysis 
The current signal was digitized to a frequency equal to five times 
the filter cutoff frequency. The acquisition and basic analysis of 
the data were performed with pClamp 6.0 software (Axon Instru- 
ments,  Inc., Foster City, CA)  and  custom  made  software.  Burst 
time and blocked times were measured manually, considering as 
blocked times those periods longer than 500 ms. 
Chemicals 
Oocyte Injection 
The hslo cRNA, coding for a  large conductance calcium-depen- 
dent potassium  channel  from human  myometrium  (Wallner et 
al., 1995;  GenBank U11058), was synthesized as described previ- 
ously. The synthesis was directed by the T7 promoter in the pres- 
ence of capping nucleotide G(5')ppp(5')G.  Collagenase treated 
Xenopus laevis oocytes (stage V-VI) were microinjected with 50 nl 
of 0.2-1  fxg/Ixl mRNA in water. The oocytes were maintained at 
18~  in an amphibian saline supplemented with gentamicin  (50 
t~g/ml) and sodium pyruvate (2.5 mM). 
A  crown  ether  (a  gift from  Dr. Jacques  Neyton),  the  (+)-18- 
Crown-6-tetracarboxylic acid  (18C6TA)  from E. Merck  (Darms- 
tadt,  Germany)  (also  known  as  [+]-l,4,7,10,13,16-hexa-oxa- 
cyclooctadecane-2,3,11,12-tetracarboxylic acid; C16H24014, Fig. 1) 
was used to chelate the contaminant Ba  ~+ of the internal bath so- 
lution.  The  18C6TA/cation  stoichiometry  is  1:1  (see  Resnlts). 
This crown ether also binds K + and Ca  2+ with dissociation con- 
stants of 3.3  ￿  10  6 M and 10 -s M, respectively (Dietrich, 1985). 
Stock solutions were made in water. 
RESULTS 
Patch Recording 
The vitelline membrane was manually removed and macroscopic 
currents were evoked in membrane patches in the inside-out con- 
figuration. Current records were obtained 4-7 d  after the injec- 
tion of the oocytes. The pipettes  had  1 to 3 MI] resistance  and 
were filled with  (millimolar):  110  potassium  methanesulfonate 
(KMES),  10  Hepes,  2  MgC12, pH  7.0.  The  composition  of the 
bath  solution  (intracellular  membrane  face)  was  (millimolar): 
110  KMES,  10 HEPES, pH 7.0.  This solution has  10 IxM of con- 
taminant Ca  u+ or Ca  `)+ added at the indicated values. Free [Ca  '-'+] 
was  measured  with  a  Ca  `)+  electrode  (World  Precision  Instrn- 
ments, Sarasota, FL). 
Membrane Preparation 
Oocytes  membranes  were  isolated  according  to  Perez  et  al. 
(1994).  Briefly, at day 10 after injection with hslo mRNA, 40-50 
oocytes were rinsed and then homogenized in 300 mM sucrose in 
K + buffer (in millimolar): 600 KC1, 5 K-PIPES, pH 6.8 containing 
protease inhibitors. The homogenate was  layered into a  discon- 
tinuous 20:50% wt/vol sucrose gradient in K  + buffer and centri- 
fllged at 60,000 gfor 30 min. The band at the 20:50% wt/vol su- 
crose interface was  collected and diluted three  times in  the K + 
buffer. Membranes were centrifllged at 50,000 g for 45 rain, and 
the pellet resuspended  in 5 p,1 of solution A  (in millimolar: 300 
sucrose,  100  KC1, 5 K-MOPS, pH 6.8),  divided in  1 txl portions 
and stored at  75~ 
Hslo Inside-Out Patch Currents Are Transient 
at High Voltages 
We  have  previously  shown  that  oocytes  injected  with 
cRNA transcribed  from hslo express robust outward  K + 
currents  that are voltage dependent  and  Ca  `)+ sensitive 
(Wallner et al.,  1995).  Upon  depolarization  (up  to  180 
mV)  and  in  the  cell-attached  mode,  these  currents  in- 
crease  to  a  certain  level  and  remain  constant  for  the 
whole duration  of the depolarizing  pulse  (Fig. 2  A). In 
contrast,  when  inside-out patches  are performed,  large 
depolarizations  induce  a  current  that  decays with  time 
(Wallner  et  al.,  1995;  Tseng-Crank  et  al.,  1994).  As 
shown in Fig. 2  B, this current  decay during  the pulse is 
scarcely detectable  at 80 mV, but as voltage is increased 
above  this  voltage  value  the  rate  of  decay  becomes 
faster and the steady state current  becomes  smaller (cf., 
current  records obtained  at  120 and  140 mV). Another 
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Fmue4: 1.  Chemical su-uctnre 
of  the  crown  ether,  (+)-18- 
Crown-6-tetracarboxylic  acid 
(18C6TA),  [(2R,3R,11R,  12R)- 
(+)-1,4,7,10,13,  16-hexa-oxa- 
cyclooctadecane-2,3,11,  12-tet- 
racarboxylic acid]. 
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FIGURE 2.  hs/o macroscopic current shows a  time- and voltage- 
dependent  inhibition.  Current  traces in A  (cell-attached)  and  B 
(inside-out) were recorded from the same patch. Solution was sym- 
metrical 110 mM KMES and 10 ~M Ca  2+ (contaminant Ca2+). For 
more details, see Methods.  (A)  The patch was held at 0 mV and 
stepped from  10 to  180  mV, for  1 s, every 10  mV. Traces corre- 
spond to 1 i0 to 180 mV evoked currents.  (B) Currents induced by 
voltage steps in the inside-out mode. Pulse duration  of 1 s. Note 
the prominent current inhibition at  140  mV.  (C)  Superimposed 
trace currents at two [Ca2+]i  (10 ~tM and 37 p~M) in an inside-out 
patch. Insert shows that current decay is practically indistinguish- 
able at both [Ca2+]i . 
characteristic  of the current  decay, induced  upon  exci- 
sion of the patch,  is that it is not enhanced  by increas- 
ing internal  Ca  2+  to 37  ~M  (Fig. 2  C). The  inset in Fig. 
2  C  demonstrates  that  the  time  constant  of  decay  is 
practically  the  same  at  both  Ca  2+  concentrations.  It is 
apparent  from  Fig.  2  B  (see also Fig.  3  C)  that  the cur- 
rent inhibition  obtained  at high voltages is a  time- and 
voltage-dependent  process.  This process is reminiscent 
of the  N-type  inactivation  present  in  some  potassium 
channels  (e.g.,  Hoshi  et  al.,  1990;  Solaro  and  Lingle, 
FIGURE 3.  Internal  Ba  2+  induces an  inhibition of hslo currents 
qualitatively similar to that seen with zero-added barium.  (A) Cur- 
rent records obtained with 1 p,M BaCI  2 added to the bath solution 
(intracellular  membrane  face).  Voltage  pulse  values  are  shown 
next to each trace. Other conditions as in Fig. 1.  (B)  Steady-state 
l-Vrelationship constructed with the data shown in A. The current 
was measured at the end of each pulse. The records corresponding 
to the current values plotted for voltage values smaller than 40 mV 
are not shown. The fitting ofEq. 1 to the data (continuous  line) gave 
the following parameters:  Gma~ =  82 nS, Zeq =  1.7,  V0 =  11.0 mV, 
K~(0)  =  1.37 mM and z8 =  2.15.  (C)  Steady state I-Vrelationship 
of data in Fig. 2 Bin zero-added Ba  2+. The continuous line is the fit 
to the data using Eq.  1, and  z~  (2.15)  and Ko(0)  (1.37 mM)  ob- 
wined from Fig. 3 Bwhere 1 tiM [Ba  2+ ] is used. The fitted parame- 
ters were:  Gm~ =  65 nS, Zeq =  2.01,  V,, =  -5  mV, and "contami- 
nant" [Ba]  =  144 nM. 
1992).  Nevertheless,  at difference from  N-type inactiva- 
tion,  the  kinetic process  reported  here  is too slow and 
develops at much  higher  voltages.  On  the other  hand, 
the  voltage  dependence  of  current  inhibition  in  the 
hslo channel  is too high to be an inactivation process of 
the  C-type  found  in  some  potassium  channels.  C-type 
inactivation is voltage independent  over a  range of -25 
401  DIAZ  ET AL. to  50  mV  (Hoshi  et  al.,  1991).  The  current  decay is 
reminiscent of a voltage-dependent internal Ba  2+ block 
(Armstrong  and  Taylor,  1980;  Eaton  and  Brodwick, 
1980).  Therefore,  we  hypothesized  that  even  though 
Ba  2+ has not been added to the internal solution,  this 
solution  contains  an  effective  contaminant  Ba  2+  con- 
centration  responsible  for  the  current  inhibition  ob- 
served at high voltages. 
Internal Barium Resembles the Inactivation Process Induced 
upon Excision of the Patch 
We first analyzed the effect of 1 p,M Ba  2§ added to the 
internal  solution  (Fig.  3,  A  and  B)  and  compared  it 
with the inactivation  induced in "zero-added" Ba  2+ so- 
lution upon excision of the patch  (Figs. 2 B and 3  C). 
Current  records in  1  p,M  internal  Ba  2+  (Fig.  3  A)  are 
qualitatively similar to those  obtained in  "zero-added" 
Ba  2+ (Fig. 2 B), but there are some important quantita- 
tive differences. First, at any given voltage, the presence 
of 1 p,M Ba  2+ increases the rate of current decay; and 
second, inhibition  is noticeable at lower voltages. The 
steady state  current-voltage  curves  shown  in  Fig.  3,  B 
and  C, demonstrate  that the depolarization needed  to 
induce  current  decay is  ~80  mV in  1  p,M  Ba  2+  and 
~100  mV in  zero-added Ba  2+.  In both  cases,  the  data 
could be well fitted (solid line)  to the equation: 
I=  {Gma￿ 
[1  +  exp(zeqF(V-  Vo)/RT)  ]  }  (1) 
-1 
[(1  +  [Ba]/Ka(V)  )  ], 
where  Gmax  is the maximum conductance; EK is the K + 
equilibrium  potential;  Z~q is the  equivalent number of 
gating charges;  11o is the voltage at which  G =  0.5Gmax; 
R,  T, and F have their usual meaning;  [Ba]  is the bar- 
ium concentration;  and/Q(10  is the  dissociation  con- 
stant for Ba  2+ binding.  Eq.  1 is the product of a Bohz- 
mann distribution,  describing the voltage activation of 
the channels times a Langmuir isotherm describing the 
fracdon  of current  remaining  after addition  of Ba  2+. 
This equation assumes that inhibition by Ba  2+ follows a 
single  site titration  curve  (Vergara and  Latorre,  1983; 
Perez et al.,  1994),  and  that the  dissociation  constant 
for Ba  2+  binding  varies exponentially with  voltage,  as 
per Eq. 2  (Woodhull,  1973): 
K  d (V)  =  K  d (0) exp (-  z~FV/RT),  (2) 
where Ka(0 ) is the dissociation constant at zero voltage, 
z is the valence of the blocking ion, and 8 is the fraction 
of the  total electrical  potential  drop  across  the  mem- 
brane  found  at  the  Ba  2+  binding  site.  The  above  as- 
sumptions are acceptable for other Kca channels  (e.g., 
Vergara and Latorre,  1983),  and in this paper we give 
evidence that they are reasonable for hslo as well  (see 
next section). 
The best fit to the data shown in Fig. 3 B (1 p~M Ba  2+) 
using Eq.  1 was obtained with ~  =  2.15 and a Ka(0)  = 
1.37  mM.  Using  these  parameters, we  then  fitted  the 
data in Fig. 3 C to obtain the putative [Ba  2+ ] concentra- 
tion contaminating our internal solution. This fit gave 
a contaminant  [Ba  2+] of 144 nM, a value in reasonable 
agreement with  that  calculated  from  kinetic  parame- 
ters at different  [Ba  2+]  (see below and Fig.  5). The fit 
using Eq.  1 with the parameters obtained from the fit 
to the data of Fig. 3 B is remarkably good. We consider 
this result as the first evidence that current inhibition 
at zero-added Ba  2+  is due  to a  blockade induced  by a 
contaminant [Ba2+]. 
Properties of BaZ+-induced Blockade of hslo and Estimation of 
Contaminant [Ba  2+] 
Fig.  4 shows that increasing  [Ba  2+]  speeds up the rate 
of current inhibition  at constant voltage  (A), and that 
recovery from blockade is independent of Ba  2+ concen- 
tration  (B). In addition, at constant  [Ba  2+]  current in- 
hibition is well fitted to a single exponential function at 
all  potentials  tested  (Fig.  3  A).  These  properties  of 
BaZ+-induced inhibition are in agreement with the sin- 
gle site model for Ba  2+ block considered in Eq. 1, i.e., 
k I [Ba] 
---> 
open  blocked. 
4--- 
[3 
SCHEME  I 
In this simple model, the fraction of blocked channels 
at equilibrium, jblock,  the time constant of decay, Td, and 
the time constant for recovery, "r  r, are given by the rela- 
tions: 
fblock  =  kl [Ba]/(k 1 [Ba]  +  [3)  (3) 
"r  d  =  l/(k 1 [Ba]  +  [3)  (4) 
% ~  1/[3.  (5) 
The model predicts that the calculated rate of block- 
ing,  (x,  must be  directly  proportional  to  the  internal 
free [Ba  2+] according to the relation: 
(x  =  k I [Ba].  (6) 
As illustrated in Fig. 5, one of the main predictions of a 
bimolecular blocking process is fulfilled. As demanded 
by Eq.  6,  the  ON blocking rate increases linearly with 
internal  [Ba  2+]  (Fig. 5 A). Notice, however, that the in- 
tercept at zero-added [Ba  2+] is not zero as predicted by 
Eq. 6  (Fig.  5 A,  inset). We conclude  that this non-zero 
value for (x without added Ba  2+ is due to the Ba  2+ con- 
taminating the  internal  solution.  Extrapolation  of the 
straight line drawn in Fig.  5 A to ~  -- 0  indicates  that 
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FIGURE 4.  Internal Ba  2+ speeds up the rate of current inhibition. 
(A) Currents induced by single voltage pulses to 150 mV from a 
holding voltage of zero mV, at zero-added BaC12 (uppermost record) 
and with the BaC12 concentrations  showed next to each record. All 
the records were obtained with contaminant  Ca  2+ in the bath solu- 
tion (10 IxM). To compare blocking rates, currents were normal- 
ized to their maximum value. (B) Recovery times from Ba  2+ block- 
ade. An inside-out patch at a holding potential of 0 mV was pulsed 
continuously  to 100 mV for 5 ms at 2 Hz. Arrows indicate the ON 
and the OFF of a 150 mV pulse stepped from the HP and lasdng 
for two seconds. This pulse induced the blockade of hslo currents. 
Recovery of the current measured with the 100 mV test pulse fol- 
lows an exponential time course (solid line). The current recovery 
is shown for three different patches.  (Top) Zero-added BaC12; (mid- 
d/e) 1 I~M BaCl2; (bottom) 3 p,M BaC12 added to the bath solution. 
Scheme on top of B corresponds to the pulse protocol. 
this contamination amounts to 70 nM. These observa- 
tions strongly support the  idea  that  the  contaminant 
Ba  2+  is responsible for  the  current inhibition seen in 
the absence of added Ba  z+.  Since in our experimental 
conditions Ba  2+ is present during the recovery period, 
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FIGURE 5.  Ba  2+  dependence 
'  of the ON and OFF blocking 
rates.  (A)  The  ON  rate  of 
blockade, was calculated from 
currents  evoked  by  voltage 
pulses to 150 mV, at the indi- 
cated internal BaC12 concen- 
trations  (see  Fig. 4  A).  The 
maximum  and  steady  state 
current were  measured  and 
the relaxation of the current 
was fitted with a single expo- 
nential (~d)- c~ was  obtained 
using Eqs. 3 and 4 (see text). 
The straight line is the best fit 
to  the  experimental  data. 
From the slope a kl  =  1.8 ￿ 
10 7  s-IM  -1  was  obtained.  In- 
set:  Same  plot  is  shown  to 
note  that  with  zero-added 
BaC12 the intercept is 1.4 s  -1 
and not zero as predicted by 
Eq. 6.  (B)  Time constant for 
recovery, % =  1/[~, at 0 mV 
was obtained from experiments like those shown in Fig. 4 B. The 
internal BaC12 concentration  was varied as indicated. The straight 
line is the best fit to the experimental points with  a  slope of 
1.2 X 104 s-lM  -1 and an intercept of 0.26 s  -1. Bars represent the 
SE. n equals three to six experiments. 
T  r  =  1/(kl[Ba]  +  [3). However, kl is voltage-dependent 
changing an e-fold/~27 mV (data not shown). This re- 
sult implies that at 0  mV (the voltage at which the re- 
covery from blockade is measured) kl [Ba]  ranges from 
0.0032 to 0.000022. This last value is 100- to 10,000-fold 
smaller than that of [3.  Thus,  [3 is essentially indepen- 
dent of Ba  2+  concentration in  the  [Ba]  range  tested 
(Fig. 5 B). 
A  Crown Ether that Forms Stable Complexes with Ba  2+ in 
Solution Inhibits Current Decay in Zero-added Ba  z+ 
Fig. 6 A illustrates an example of current inhibition at 
140  mV  (zero-added  Ba2+).  This  inhibition is  com- 
pletely  removed  upon  perfusion  on  the  cytoplasmic 
side with a  solution containing 50 p~M of the Ba  2+ che- 
lator  18C6TA. Fig.  6  B  shows  the LVrelations for the 
same  experiment  in  control  conditions  (zero-added 
Ba  2+)  (solid circles)  and after addition of 50 p~M 18C6TA 
(open circles). Addition of the crown ether decreases the 
amount  of current inhibition at  all  potentials tested. 
Fig.  6  C shows  the  normalized conductance obtained 
from the/-Vrelations shown in Fig. 6 B. Note that a dis- 
crete rightward shift of the normalized conductance vs 
voltage curve  (~13 mV)  occurs in the presence of the 
chelator. Since it is known that 18C6TA is able to bind 
Ca  2+  (Dietrich, 1985), the shift in the G-Vcurve is most 
likely due  to  the  chelation of Ca  z+.  Measurements of 
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FICURV 6.  The  Ba  2+  chela- 
tor, 18C6TA, removes current 
inhibition.  (A) Current traces 
in zero added  Ba  z+ and after 
perfusion  of 50  p~M  18C6TA 
in the same solution. Applied 
voltage  was  140  mV  from  a 
holding  potential  of  0  inV. 
(B)  I-V relations  in  control 
conditions  (zero added Ba  2+, 
filled  circles) and  in  the  pres- 
ence of 50 b~M of 18C6TA in 
the internal  bath  solution  of 
the experiment illustrated  in 
A.  (C).  Corresponding  con- 
ductance-voltage  relationship. 
The continuous line is the fit 
to the data using the equation 
C/Cm~,  ,  =  I/[C,n.~(V-  E~:)] 
where  1 =  {G,  ....  (V-  E~)/ 
[1  +  exp(z~q/~V -  V,)/RT)]} 
[(1  +  [Ba]/Ka(v/)  ']. Param- 
eters are defined as in Eq.  1. 
Assuming  a  contaminant 
[Ba  2+] of 70 nM (Fig. 5 A), fit- 
ted values for the zero-added 
Ba  2+  curve were:  G,~,,  =  15 
nS,  Z~q  =  1.35,  V0  =  22  mV, 
K~(0)  =  646 p.M and ~  =  2.4. 
The curve in presence of the 
Ba  z+ chelator 18C6TA was fit- 
ted  using  /q(0)  =  646  p~M 
and z8 =  2.4.  Fitted values were: Gm~x =  14 nS, z,:q =  1.7,  *{) =  35 
mV and  [Ba  2+]  after chelation  =  0.27 nM. The shift in the G-V 
curve corresponds to a change in [Ca  2+] from 10 to 7 I~M, as mea- 
sured  with  a  Ca  z+  electrode.  In  close  agreement  is  the  [Ca  z+] 
~lue (8.7 p,M) calculated using the K~'s of the chelator for Ba  z+, 
K  + and Ca  ~+ (see text and Fig. 7). 
free  [Ca  z+]  with  a  Ca  z+  electrode  indicated  that  Ca  2+ 
was  diminished  from  10  to  7  IzM  upon  addition  of 50 
p,M  chelator.  Using  the  Kd  of the  BaZ+-chelator  com- 
plex  (see  below),  the  /~  values  for  K +  and  Ca  `-,+ com- 
plexes reported  in the literature, and assuming that the 
contaminant  Ba  2+ is 70 nM  (Fig. 5), we have calculated 
that 50  p~M of 18C6TA diminishes  Ca  2+  from  10  to 8.7 
p,M  and  Ba  2+  from  70  to  7  nM.  Taken  together,  these 
experiments  indicate that the decrease in the degree  of 
current  inhibition  at  high voltages  by  18C6TA  is  most 
likely  due  to  a  removal  of contaminant  Ba  2+  causing 
current  blockade. 
Removal of Bde +-induced Blockade by the Crown Ether 
To further confirm  the properties  of the crown ether as 
a  Ba  2+ chelator we performed  a  dose-response  curve in 
the  presence  of 1  p,M Ba  2+. As expected  for a  relief of 
Ba  2+ blockade  by the crown ether, perfusion  of increas- 
ing concentrations  of [18C6TA]  caused  an  increase  in 
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FIGURE 7.  The Ba  2+ chelator,  18C6TA, decreases the ON block- 
ing rate.  (A) Currents induced by voltage pulses to 150 mV with 1 
tzM internal BaClz (trace a)  or with the same BaC12 concentration 
plus 3 p~M (trace b), 10 tzM (trace (9 or 30 p.M (trace d) of 18C6TA. 
(B)  On blocking rate  (a)  obtained with 1 p~M internal BaC12 and 
the indicated concentrations of 18C6TA (open circler., experimental 
data _+ SD from three to eight different experiments). The contin- 
uous  line is  the fit to the data using a  Langmuir isotherm  {cz  = 
e%~x/(1 + ( [ 18C6TA]/K) N) with a ...... =  22.9 s  1, K =  4.54 raM, and 
N=  1.2. 
the decay time constants  (Fig.  7  A). Further  analysis  of 
the time course of the current  inhibition shows that ad- 
dition  of the  crown  ether  to  the  internal  solution  af- 
fects only the blocking rate  constant  for Ba  9+ block.  In 
Fig.  7  B  we  have  plotted  the  rates  of current  decay  at 
different  crown  ether  concentrations.  This  curve  can 
be  fitted  with  a  Langmuir  isotherm  with  a  Hill coeffi- 
cient of near one  (1.2). This finding is consistent with a 
complex  18C6TA-Ba having a  1:1 stoichiometry. We ex- 
pect  this  result  if the  only  effect  of the  chelator  is  to 
withdraw  the Ba  z+ present  in the internal  solution.  Re- 
calling Eq. 6, we interpreted  Fig.  7  B as a  Ba  2+  titration 
curve.  The  free  [Ba  2+]  at  each  [18C6TA]  concentra- 
tion  ([Ba] 18C6TA)  can  be  obtained  by dividing ot  in  the 
presence  of 18C6TA  (OtlsC6TA)  by c~ in its absence  (~(,): 
[Ba]  18C6TA  =  (O~I8C6TA/OLo)  [ Ba2+] o,  (7) 
where  [Ba2+]o is the Ba  2+ concentration  in the absence 
of chelator  (1  tzM). Therefore,  from Fig. 7 Bwe can cal- 
culate  the  unknown  dissociation  constant  for  the 
chelator-Ba  2+  complex.  The  actual  dissociation  con- 
stant  must  be  calculated  considering  the  simultaneous 
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FIGURE 8.  The  Ba  2+  chelator promotes changes in  hs/o single 
channel activity, hslo channels were incorporated into planar bilay- 
ers as described in Methods. (A)  hslo  channel records obtained in 
symmetrical 220 mM KCI, at +80 mV applied voltage. The intracel- 
lular Ca  "2+  concentration was 50  p,M and zero-added Ba  2+.  Long 
closed states can be explained as blocking periods (~4 s duration) 
by contaminant Ba  2+.  (B)  Same bilayer as in A, but after addition 
of 18C6TA to the internal side of the channels. [18C6TA]  =  20 
p.M. Other experimental conditions are as in A. 
equilibriums of 18C6TA with Ba  2+, Ca  2+, and K +. Using 
dissociation constants for the 18C6TA-K  + and 18C6TA- 
Ca  2+ complexes of 3.3  X  10 -6 and  10  s M, respectively 
(Dietrich, 1985), we obtained a K~ for the 18C6TA-Ba  2+ 
complex of 1.6  ￿  10 -l~ M.  Crown  ether  compounds 
have cavities of different diameters in the center of the 
polyether rings.  With  a  hole  diameter of 2.6  to  3.2 
(Pedersen,  1988), the 18-crown-6 family of crown ether 
compounds is particularly well suited to bind K + (2.66 ,~) 
and Ba  2+  (2.68 A). Although the ratio I~K/Kd  Ba is ~  56 
for the  18-crown-6 compound  (Dietrich,  1985), our re- 
sults show that it increases to 2.06  ￿  104 for 18-crown- 
6-tetracarboxylic acid. 
Relief of a Long Lived Closed State of Reconstituted hslo 
Channels by the Barium Chelator 
Vergara  and  Latorre  (1983)  and  Neyton  and  Miller 
(1988)  observed  in  single-channel  membranes  the 
presence of long closing periods even at zero internal 
added Ba  2+. To inquire about the origin of these long 
closings, we reconstituted hs/0 channels into planar lipid 
bilayers.  Fig.  8  A  shows  channel  current  records  ob- 
tained at zero-added Ba  2+, at 80 mV. The records show 
that quiescent  periods  that can last for seconds inter- 
rupt  channel  activity.  Fig.  8  B  shows  the  same  mem- 
brane after adding 20  tiM  18C6TA to the cytoplasmic 
side of the channel. The chelator doubled the time the 
channel remains in the open state. Mean burst time was 
increased  after  perfusion  of  the  crown  ether,  from 
15 -+  3  s  to 30  +  8  s  (no.  events  =  10  and  6,  respec- 
tively). Furthermore, perfusion of the chelator did not 
modify the  blocked times  (3.9  +- 3  s,  n  =  9  events in 
control vs. 4  +  3 s, n  =  4 events after 18C6TA). These 
results  give further evidence for the  presence  of con- 
taminant Ba  2+ in the internal solution producing long- 
lasting closed states, that explain current-inactivation at 
high depolarized potentials. 
DISCUSSION 
Contaminant Ba  2+ Causes Current Inhibition 
at Large Voltages 
In this work we show that at high positive applied volt- 
ages  the  current  induced  by  the  expression  of  hslo 
channel in Xenopus laevis oocytes decays with time. This 
decay is a consequence of a voltage-dependent binding 
of the Ba  2+ contaminating our solutions to the channel 
and  not  to  an  intrinsic  gating  process.  This  contami- 
nant  Ba  2+  amounts  to  ~70  nM.  The  Ba2+and voltage 
dependence  of the  current  decay is  consistent with  a 
simple model in which  Ba  2+ binds to a  site within  the 
membrane field. We can summarize the evidence sup- 
porting  this  conclusion  as follows:  (a)  in  steady state, 
the voltage dependence  of current  inhibition  in  zero- 
added  Ba  2+  is  the  same as the  Ba  '>+ block voltage de- 
pendence;  (b)  the  OFF  rate  of internal  Ba  2+  block is 
very similar  to  the  rate  for  current  recovery at  zero- 
added Ba2+; and  (c) in the absence of added Ba  2+, cur- 
rent inhibition becomes negligible if a Ba  2+ chelator is 
added to the internal side. The problem of Kca channel 
block by the contaminant amounts of Ba  2+ present in 
the  internal  solution  was first put  forward by Neyton 
and Miller  (1988).  As found in the present work  (Fig. 
5),  Neyton  and  Miller  (1988)  observed  that  the  ON 
rate at zero-added Ba  2+ is not zero. This rate decreased 
by 5-10-fold if sulfate replaced chloride in the internal 
solution. Since the solubility product of BaSO  4 is 1.05  X 
10 -~~  in the presence of sulfate the  internal  [Ba  2+]  is 
kept  <  1 nM.  Furthermore,  the  ON rates obtained at 
zero-added  Ba  2§  in  the  present  work  and  by Neyton 
and Miller (1988)  are similar (~5 s-l). 
Vergara  and  Latorre  (1983)  interpreted  the  long 
closings present in  their single Kca channel records as 
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the present study, we show that 18C6TA increases the 
mean hslo channel burst time but does not modify the 
mean time of the long closings observed at zero-added 
Ba  2+. Since this crown ether specifically chelates Ba  2+, 
the contaminant Ba  2+ present in the internal  solution 
very likely promotes the long closed periods. There is 
great similarity between the mean block time of the sin- 
gle channel and the time constant for macroscopic cur- 
rent  recovery at zero-added  Ba  2+.  This result strongly 
suggests that the nature of the macroscopic current in- 
hibition  resides in the  long closing events observed at 
the single-channel level. 
Ba  2+ Block in hslo Channels 
Ba  2§ block of the hslo channel shows most of the char- 
acteristics  of the  Ba  2+  block of other  Kca channels  of 
large unitary conductance  (Vergara and Latorre, 1983; 
Hunter et al.,  1984;  Benham et al.,  1985;  Gitter et al., 
1987; Guggino et al., 1987; P6rez et al., 1994). The dis- 
sociation  constant  of the  Ba  2+  channel  complex is in 
the micromolar range. The block is voltage dependent, 
as though Ba  2+ bound to a site at 92 +- 25% of the way 
through the voltage drop from the inside. This observa- 
tion provides strong support to the idea that the site of 
Ba  2+ blockade is located within the conduction pore of 
the hslo channel. Most of the voltage dependence of the 
blocking  reaction  resides  in  the  association  rate  con- 
stant  (data  not  shown).  The  fact that  the  association 
rate  is voltage dependent,  whereas  the  dissociation  is 
not,  suggests  that the  peak of the  energy barrier that 
Ba  2§ needs to jump is quite near the binding site  (Ver- 
gara and Latorre, 1983). 
Nature of the Binding of  Ba  2+ to K + Channels 
Vergara  and  Latorre  (1983)  hypothesized  that  the 
strong  blocking  effect  of Ba  2+  on  CaZ+-activated  K + 
channels of large conductance  is due  to the similarity 
in the radius of Ba  2+ and K +  (see also Armstrong and 
Taylor, 1980 and Eaton and Brodwick, 1980). The diva- 
lent nature of Ba  2+ made a very stable Ba-channel com- 
plex.  In  fact,  the  overall  dissociation  rate  from  the 
channel for K + is ~108  s -1  (Latorre and Miller,  1983; 
Moczydlowski et al.,  1985)  which is 4  ￿  108-fold faster 
than the Ba  2+ dissociation rate measured in the present 
work  ('--'0.25 s-l).  Kca  channels  allow  conduction  of 
only alkali monovalent cations of similar size  (e.g., K + 
and Rb +)  suggesting the existence of a  narrow region 
defined as a  selectivity filter  (Hille,  1975,  Latorre and 
Miller,  1983).  Therefore, it is possible that Ba  2+ binds 
tightly to this structure  (Miller et al., 1987). The degree 
of identity between  the  pore  (P)  regions of Kca chan- 
nels and ShakerK + channels is very high (Heginbotham 
et al.,  1994;  Latorre,  1994).  In the latter channels,  ex- 
tensive  mutagenesis  experiments suggest that  (Hegin- 
botham  et  al.,  1994):  first,  ion  discrimination  takes 
place in this region; and second, the atoms that inter- 
act with K + could be carbonyl atoms from the protein 
backbone. Second, in Kca and in Shaker K + channels an 
aspartate residue follows the highly conserved sequence 
gly-tyr-gly. The  side  chain  of this  negatively  charged 
amino acid projects into the  pore lumen in  Shaker K + 
channels  (Lfi  and  Miller,  1995).  Kirsch  et  al.  (1995) 
showed  that when  aspartate  378  is  mutated  to  threo- 
nine in Kv2.1 channels,  the selectivity sequence for al- 
kali cations is unaltered, but the PNa/PK ratio increases 
fivefold. The gly-tyr-gly triad is crucial in  determining 
Shaker K + channel  cation  selectivity  (Heginbotham  et 
al.,  1992,  1994).  The sequence gly-tyr-gly may play the 
role of a selectivity filter. On  the other hand,  the  ring 
of carboxyl groups of the aspartate residues present in 
K + channels  may provide  the  Coulombic interactions 
that stabilize the BaZ+-channel complex. 
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